ABSTRACT: The climate response to increasing levels of atmospheric greenhouse gases, prescribed according to the Intergovernmental Panel on Climate Change (IPCC) scenario IS92a, is studied in 2 model simulations. One is a transient response experiment performed with a medium resolution (T42) coupled general circulation model of the atmosphere and ocean (ECHAM4/OPYC) developed at the Max Planck Institute for Meteorology. The other one is a time-slice experiment with the high resolution (T106) ECHAM4 model forced with monthly sea-surface temperatures and sea-ice from the coupled model. For two 30 yr time-slices, representing the present-day climate and the future climate with an effective doubling of carbon dioxide (2060-2099), the seasonal mean climate statistics obtained from the 2 experiments in the Atlantic/European area are compared with each other and, for the simulations of the present-day climate, with observational data in order to evaluate the impact of the model's horizontal resolution on the simulation of regional climate change as well as on the quality of the simulation of regional climate. As the region of special interest, the Atlantic/European area is chosen. The model's horizontal resolution has a noticeable impact on the assessment of anthropogenic climate change as well as on the quality of the climate simulation at a local level, while at a regional level, that is considering the entire Atlantic/European area, the effect of the horizontal resolution is considerably reduced. The level of uncertainty related to the horizontal resolution actually falls with the range of uncertainty caused by the internal model variability obtained from ensembles of climate predictions. The level of uncertainty at a given location is very small for the near-surface temperature but somewhat higher for the sea-level pressure, in particular in autumn and winter, and relatively high for precipitation, with a marked maximum in summer. While the uncertainties in autumn and winter are mainly accounted for by the marked impact of the horizontal resolution on the dynamical aspects of the model, the high level of uncertainty in summer is related to the pronounced effect of the horizontal resolution on the model's physical parameterizations.
INTRODUCTION
The possibility of climate change caused by the ongoing rapid increase in various greenhouse gases, with carbon dioxide (CO 2 ) being considered the most important one, has been intensively investigated over the last decade. Though the question that an overall warming of the earth's atmosphere will take place is widely accepted within the scientific community, there is still some disagreement regarding the magnitude of the change and precisely how long it may take before the change becomes indisputably noticeable (Houghton et al. 1990 (Houghton et al. , 1996 .
The major tools to assess the anticipated change in climate caused by the increase in greenhouse gases are simulations made with global coupled atmosphereocean general circulation models (AOGCMs), where the changes in the concentrations of various greenhouse gases have been prescribed according to typical scenarios provided by the Intergovernmental Panel on Climate Change (IPCC) (e.g. Mitchell et al. 1995) . During the last decade, the models used for these scenario simulations have gradually been refined, not only with respect to the physical parameterizations and the resolution, but also with respect to the external forcing mechanisms. While earlier studies were based on models with relatively coarse resolutions of about 5°to 6°( e.g. Manabe et al. 1991 , Cubasch et al. 1992 , the horizontal resolution is roughly doubled in the current generation of models (e.g. Mitchell & Johns 1997) . Some models consider not only CO 2 but also other greenhouse gases, such as methane (CH 4 ), nitrous oxide (N 2 O), chlorofluorocarbons (CFCs) or tropospheric ozone as well as the direct and indirect effects of sulphate aerosols (e.g. Roeckner et al. 1999 , referred to as 'R99' hereafter). In spite of these improvements, the uncertainties in the assessment of future climate change are still quite large. These uncertainties are, for instance, related to a number of atmospheric feedback processes, which are treated differently in the different models. Another source of uncertainty is the heat uptake by the ocean, which affects both the pattern and the delay of the warming induced by the radiative forcing of the greenhouse gases.
Regional climate is, however, often affected by processes on spatial scales that are considerably smaller than the scales typically resolved by the coupled climate models (e.g. Giorgi & Mearns 1991) , which are on the order of 300 to 500 km. Hence, AOGCMs cannot explicitly capture the fine-scale structures that characterize climate variables such as the near-surface temperature or precipitation for many regions of the globe. In order to obtain information about the climate on these small scales 3 methods, also called 'regionalization' techniques are currently being used: (1) High resolution and variable resolution so-called 'time-slice' simulations with atmospheric general circulation models (AGCMs), (2) dynamical downscaling with regional climate models (RCMs), and (3) statistical downscaling methods.
The main advantage of the dynamical downscaling approach (e.g. Giorgi et al. 1992 , Jones at al. 1997 ) is that a much higher horizontal resolution, presently of the order of a few tens of km, can be used than in the AOGCMs, since the model domain is considerably smaller. The main limitations of this approach are that the regional information is only available in a particular region of interest and, more fundamentally, that interactions between the regional and the global scales are excluded. For the time-slice approach (e.g. Bengtsson et al. 1995 , Cubasch et al. 1995 ) these arguments are reversed. Scale interactions between the regional and the global scales are included, but the horizontal resolution, currently about 100 km, is considerably coarser than for RCMs, since the entire globe is covered. However, one limitation of both of these methods is that coupled atmosphere-ocean modes cannot develop in these atmosphere-only models. The third method, namely statistical downscaling (e.g. von Storch et al. 1993 , Wilby & Wigley 1997 , is quite different, since it does not require any additional modelling; instead, statistical methods are used to empirically derive relationships between the regional climate and the large-scale circulation. The crucial question is, however, whether these empirical relationships, which are derived for the present-day climate, are also valid for the future climate.
The time-slice approach is based on the assumption that the large-scale circulation patterns in the low-and high-resolution GCMs are not markedly different from each other. Otherwise the climate state simulated by the high-resolution AGCM could be inconsistent with the underlying sea-surface temperature (SST) and seaice forcing originating from the low-resolution coupled model. The main advantages of this approach are that the time-slice simulations are globally consistent and that they capture remote responses to forcing mechanisms which only work realistically at a fine horizontal resolution. This allows, however, the AGCM to develop its own large-scale climatology, possibly violating the aforementioned assumption. Hence, it is important to consider the degree to which the high-and the low-resolution models converge to one climate state. It is generally assumed that with increasing horizontal resolution the simulations converge to one climate state for the explicitly resolved climate variables. This implies that there is a threshold resolution above which the climate state will not change fundamentally but reveal additional details for the finer scales.
In a recent study Williamson (1999) investigated the convergence of atmospheric simulations in a series of experiments in which the grid and the scale of the physical parameterizations were fixed, while the horizontal resolution of the model's dynamical core was increased. He compared the convergence characteristics of these dual-resolution simulations with the standard model, where the resolutions of both the dynamical core and the physical parameterizations were increased together. He found, for instance, that the aspects of the transient flow in the mid-latitudes did not converge with increasing resolution when the scale of the physics was held fixed. Apparently the non-linear interactions in the dynamics created finer scales, with or without a finer-scale forcing. The lower-resolution scales, i.e., those of the physical parameterizations seemed, however, to converge. These convergence characteristics were shared by both the dual-resolution model and the standard model when the resolution was increased. Stratton (1999) found a similar change in the characteristics of the transient flow in the midlatitudes between the low-and the high-resolution versions of her AGCM to that of Williamson (1999) , namely a distinct shift in skewness of the probability density function of the vertical pressure velocity toward subsidence with increasing horizontal resolution. In addition, the probability of stronger upward motion increased with higher resolution, while that of weaker upward motion decreased. Such a dependency of the simulation of the transient flow in the midlatitudes on the horizontal resolution of a GCM can lead to differences in the structure of the large-scale circulation patterns at these latitudes with increasing resolution (Stratton 1999) .
These 2 studies considered simulations of the present-day climate. In a time-slice experiment, however, both a simulation of the present-day climate and of the future climate are performed with a high-resolution AGCM. For the case in which the differences between the simulations with different horizontal resolutions for the simulations of the present day and of the future climate, which is affected by the anticipated changes in the atmospheric concentrations of the greenhouse gases, vary in certain regions, the climate change signals inferred from the low-and high-resolution models in those regions will deviate. This will, however, add to the level of uncertainty that the predictions of the future climate generally have. May & Roeckner (2001) (referred to as 'MR01' hereafter), who investigated the impact of model's horizontal resolution on the assessment of anthropogenic climate change from a global perspective for annual mean values, found that the large-scale changes in temperature, the zonal wind component, sea-level pressure and precipitation obtained from their time-slice experiment and from the climate change experiment at low resolution that had provided the boundary forcing were broadly similar. In general, except for precipitation, the high-resolution responses were slightly weaker than those simulated in the coupled model due to the fact that the effect of resolution was smaller for the simulated climate in the future, i.e., warmer period compared to the presentday period. On a regional scale, the impact of horizontal resolution was smaller in the Southern Hemisphere than in the Northern Hemisphere, where the deviations in the climate change patterns were mainly accounted for by changes in the characteristics of the stationary waves.
In this study, which is based on the same time-slice experiment as MR01, we focus on one particular region, namely the Atlantic/European area. In contrast to MR01, our study does not only address the simulated changes in climate due to the anticipated changes in the concentrations of the important greenhouse gases, but includes an evaluation of the simulations of the present-day climate against observational data as well. Furthermore we distinguish between the seasons in our study, while in MR01 only the annual mean climate change was considered. Together with the focus on the Atlantic/European region, this gives further insight into the nature of the mechanisms causing the dependency of the simulations of both the present-day and the future climate on the model's horizontal resolution, since during the different seasons different physical processes may be responsible for the deviations between the high-and low-resolution models. During the cold seasons, the formation of precipitation in the Atlantic/European area is, for instance, mainly controlled by the large-scale circulation but primarily governed by convective activity during the warm seasons.
The paper is organized as follows: In Section 2 we describe the time-slice experiment on which our study is based. Subsequently we present the results for the simulations of the present-day (Section 3) and the future climate (Section 4). A summary and the conclusions follow in Section 5.
TIME-SLICE EXPERIMENT
The model employed in the time-slice experiment is the ECHAM4 AGCM (e.g. Roeckner et al. 1996a) . The model was developed at the Max Planck Institute (MPI) for Meteorology to simulate the global presentday climate and a possible global change in climate due to enhanced emissions of greenhouse gases. It is based on the global forecasting system that is used at the European Centre for Medium-Range Weather Forecasting (ECMWF), but several major changes have been made, in particular to the physical parameterizations in order to make the model suitable for climate simulations. Details on the climate statistics of ECHAM4 in its 'standard' configuration at a horizontal resolution of T42 (corresponding to 64 × 128 grid points on a Gaussian grid) and 19 vertical levels can be found in Roeckner et al. (1996a) .
In the time-slice experiment we used ECHAM4 with a horizontal resolution of T106 (corresponding to 160 × 320 grid points on a Gaussian grid) and 19 vertical levels. In ECHAM4 most of the free parameters in the physical parameterizations are independent of resolution (but note they were selected at a horizontal resolution of T42) instead of tuning the model by choosing an optimal set of parameters at the respective resolution. Only the parameterizations of a few processes, which turned out to be extremely scale dependent, were tuned individually at different horizontal resolutions, such as the parameterizations of gravity wave drag, horizontal diffusion and formation of precipitation in stratiform clouds (e.g. Stendel & Roeckner 1998) . The empirical multiplicative constant for the surface wind stress due to the gravity wave drag increases, for instance, with resolution, that is 2.5 versus 3.0 × 10 -5 m -1 for T42 and for T106, respectively. Further, the damping rate of the smallest waves is stronger for T106 than for T42 with e-folding decay times of 3 and 9 h, respectively. In order to maintain a similar global radiation budget for the different resolutions, the parameters determining the efficiency of precipitation formation and, hence, the lifetime of clouds were adjusted for the different horizontal resolutions. Both the factor governing the efficiency of rain formation and the factor governing the fall velocity of ice crystals are increased for the high resolution. The parameterization of convection does, however, not explicitly depend on the horizontal resolution. Since the convergence of the atmospheric moisture fluxes in the lower atmosphere is enhanced at high resolution, the convective rainfall rate is generally stronger for T106. Thus generally speaking the high resolution does not automatically reduce all the systematic model errors, since some of the physical parameterizations, those tuned at the lower resolution, are possibly scale dependent. Nevertheless the high resolution leads to a more realistic simulation of the present-day climate by ECHAM4 due to the inclusion of a much wider spectrum of spatial scales, and hence the non-linear interactions between them, and a more realistic representation of the topography (Stendel & Roeckner 1998) .
We performed 2 simulations with ECHAM4 for the high resolution over a period of 30 yr each. These 2 socalled time-slices were chosen so that one 30 yr period represents the present-day climate and the other one the climate at a time when the atmospheric concentration of CO 2 has doubled. The first time-slice covers the period 1970 through 1999 and the second one the period 2060 through 2089. In each of these time-slices the lower boundary forcing, i.e., monthly mean values of the SSTs and of the sea-ice extent was prescribed as obtained from a climate change simulation performed with a coupled atmosphere-ocean model run with low horizontal resolution. Moreover, the temporal evolution of the concentrations of the important greenhouse gases has been prescribed in the same way as in that climate change simulation (see below). Further details on the experimental design of our time-slice experiment are given in May (1999) (referred to as 'M99' hereafter), and a thorough discussion of the changes in the mean climate inferred from these 2 time-slices can be found therein as well as in MR01.
The climate change experiment was performed at the MPI for Meteorology. The AOGCM consists of the ECHAM4 AGCM with a horizontal resolution of T42 and 19 vertical levels and an extension (level 3) of the OPYC (Ocean model in isoPYCnic coordinates) model (Oberhuber 1993 ) including a sea-ice model. OPYC has 11 layers and a varying horizontal resolution: poleward of 36°latitude the resolution is identical to that of the low-resolution AGCM, that is ca 2.8°. At low latitudes, the meridional grid spacing is gradually decreased to 0.5°at the equator in order to allow for a better representation of the equatorial wave guide in the model and, hence, the ENSO (El Niño-Southern Oscillation) phenomenon. Roeckner et al. (1996b) showed that this AOGCM was able to capture many features of the observed interannual variability of the SSTs in the tropical Pacific. This included not only the amplitude, lifetime and frequency of occurrence of El Niño events, but also the phase-locking of the SST anomalies and the annual cycle. The model components are coupled quasi-synchronously and exchange information once daily. Annual mean flux adjustments of heat and freshwater were estimated from a 100 yr spinup of the coupled model. For further details on the coupling technique and the performance of the model, refer to Roeckner at al. (1996b) and Bacher et al. (1998) .
The coupled model was used for a control experiment and in the meantime for 3 different timedependent forcing experiments, which are thoroughly described in R99. At the time when we decided to perform our time-slice experiment, only the greenhouse gas experiment covering the period 1860 through 2100 (referred to as 'GHG' in R99) was available, so that we could only use this particular climate change experiment to extract the boundary forcing for our time-slice experiment.
In that climate change simulation the concentrations of various gases were prescribed as a function of time: the greenhouse gases CO 2 , CH 4 and N 2 O and several industrial gases such as chlorofluorocarbons 12, 113, 114, 115) , hydrochlorofluorocarbons 123, 141b) , hydrofluorocarbons 134a, 152a) , carbon tetrachloride (CCl 4 ) and methylchloroform (CH 3 CCl 3 ). From 1860 to 1990 the annual mean concentrations of these gases were prescribed as observed and after 1990 according to the scenario IS92a (Houghton et al. 1992) . For the industrial gases the IS92a scenario was updated to be consistent with a 'Copenhagen-like' emission scenario (Houghton et al. 1996) . Ozone and aerosols, on the other hand, were prescribed in the same way as in the control run, that is as climatological distributions for the present-day conditions. This time-dependent or 'transient' forcing experiment was initialized at year 100 of the control run of the coupled model, nominally year 1860 in the transient experiment. In the control run the concentrations of the greenhouse gases (CO 2 , CH 4 and N 2 O) were prescribed as observed in 1990 rather than given pre-industrial values, and present-day observations were used for the ocean spinup and for deriving the flux adjustment (Bacher et al. 1998) . As a consequence the climate in the control run and, hence, the initial state of the transient experiment correspond to modern rather than pre-industrial times. Therefore in GHG the initial shift in the concentrations of the greenhouse gases had to be taken into account by enhancing the observed/anticipated concentrations in an appropriate way (see R99 for further details on this procedure).
PRESENT-DAY CLIMATE
First we want to investigate the impact of the horizontal resolution on the simulation of the present-day climate in the Atlantic/European region, which is defined as the area between 50°W and 40°E and between 25°and 50°N, respectively. For that purpose we compare the simulations covering the first period ) of the respective experiments, i.e., the time-slice experiment and the transient climate change simulation (also referred to as the greenhouse gas experiment) that provides the boundary forcing, with each other as well as with observational data. In the following these simulations are generally referred to as TSL 1 and GHG 1 , respectively (see Table 1 ). As observational data we use the ECMWF re-analyses (referred to as ERA, see Table 1 ) for the period December 1978 through January 1994 (Gibson et al. 1997) . These are more precisely the analyses for the nearsurface temperature and the sea-level pressure and the 24 h forecasts for precipitation. We have chosen the 24 h forecasts instead of the analyses for precipitation in order to avoid the spinup, which causes an underestimation of precipitation by about 15% in the analyses nearly everywhere (Stendel & Arpe 1997) . As for the horizontal resolution we use either T106 or T42 depending on whether we compare the re-analyses with the time-slice or with the greenhouse gas experiment. The significance of the differences between the respective data sets was obtained with a 2-sided t-test. As for precipitation we also consider observations for the European land areas provided by the Climate Research Unit, University of East Anglia (CRU), for the period January 1979 through December 1993 (Hulme et al. 1995) . These data, which originate from synoptic stations, were interpolated onto a regular grid with a gridpoint separation of 0.5°. Fig. 1 shows the seasonal mean values of the temperature at 2 m in the Atlantic/European area for the winter season (December, January and February) for the 3 different data sets as well as the differences between these fields. According to this, the 2 simulations (Fig. 1b,c) reproduce the general structure of the temperature distribution in the Atlantic/European area ( Fig. 1a) quite well, in particular the south-north temperature gradient over the Atlantic and the combined south-north and east-west temperature gradient on the European continent. Due to the improved presentation of the orography at the high resolution and due to the finer resolution itself, TSL 1 (Fig. 1b) reveals a lot more regional variations than GHG 1 (Fig. 1c) .
Near-surface temperature
The simulations are, however, characterized by a positive temperature bias in most of the area (Fig. 1d,e) , and the area mean temperature in the simulations exceeds the ERA by about 3°C (see Table 2 ). One of the causes for this bias is the experimental design of the transient climate change simulation (R99). Since in the control run of ECHAM4/OPYC, which was used to derive the flux adjustments and provided the initial state for GHG, the concentrations of the greenhouse gases were prescribed as observed in 1990, the initial state of GHG corresponds to the present day, i.e., 1990 rather than pre-industrial times (1860). This had to be taken into account by enhancing the observed/anticipated concentrations of the greenhouse gases in an appropriate way, leading to higher temperatures in the simulation of the present-day climate in GHG than for the 'real' present-day climate. Another cause of the positive temperature bias is a systematic error of the coupled model leading to relatively high SSTs and, hence, near-surface temperatures in the western Atlantic ( Fig. 1d ,e). But also over the land areas the temperatures in the simulations are considerably higher than in ERA. This is partly due to the fact that the model does not produce a realistic snow distribution and partly due to a systematic error in the simulation of the cyclone tracks in ECHAM4 (see Section 3.3). This systematic error, or more precisely its dependency on the model's horizontal resolution, accounts also for the marked differences between TSL 1 and GHG 1 , there being considerably higher temperature in TSL 1 in northern and eastern Europe (see Fig. 5d ). Winter (December, January and February) mean temperatures at 2 m (TEMP2) from (a) ECMWF re-analyses (ERA) and from the simulations of the present-day climate in (b) the time-slice (TSL) and (c) the greenhouse gas experiments (GHG) (see Table 1 for acronyms). The differences between (d) TSL and (e) GHG and ERA are also shown. Units are °C. The contour interval is 2.5°C (a-c) and 1.0°C (d,e). Those gridpoints where the elevation exceeds 1500 m are blanked out
The differences between the 2 simulations and ERA vary by season (see Table 2 ). For both simulations the positive temperature bias is smaller during spring (March, April and May), summer (June, July and August) and autumn (September, October and November) than in winter, in particular for GHG 1 . This is partly due to a negative temperature bias in the Baltic Sea in spring and in the North and Baltic Seas as well as in the Mediterranean Sea in summer, indicating that the annual cycle of the SSTs in ECHAM4/OPYC is too weak in these shallow ocean basins. Further, the positive temperature bias is reduced relative to the winter season on the entire European continent during spring and autumn and during summer only in northern Europe. In spring and summer the temperature bias is smaller in GHG 1 than in TSL 1 due to a rather small temperature bias on the European continent during these seasons, in particular during summer. The magnitude of the local deviations between the 2 simulations and ERA (determined with the root-mean-square [RMS] of the spatial variance averaged over the area of analysis) are larger in TSL 1 than in GHG 1 for spring and in particular for summer. The relatively large value during summer is primarily due to the aforementioned relatively small temperature bias on the European continent in GHG 1 during that season. This is also the reason why the distributions of the differences with ERA as obtained for the 2 simulations in summer are not as similar (the pattern correlation is 0.74) as during the other seasons, with correlations of 0.90 and 0.97, respectively.
Precipitation
As for the seasonal mean values of daily precipitation during winter, Fig. 2a -c reveal the improvement of the simulation of precipitation at high resolution in various regions due to the better presentation of the orography at the finer resolution. TSL 1 (Fig. 2b ) reveals characteristic maxima of precipitation in the vicinity of steep mountain ranges, such as near southeastern Greenland, on the south coast of Iceland and on the west coasts of Norway and Scotland, in agreement with ERA ( Fig. 2a ) and other observational data (see Fig. 3 ). In GHG 1 , on the other hand, the amount of precipitation in these areas is unrealistically small (Fig. 2c) . Both simulations are, however, characterized by a slight underestimation of precipitation over the western Atlantic in the centre of the Atlantic stormtrack.
Although the differences between the 2 simulations and ERA are only very small for the area mean values, i.e., on the order 1 to 2% (see Table 2 ), the geographical distributions reveal quite substantial regional differences compared to ERA. For TSL 1 we find, for instance, a general underestimation of precipitation over the southern part of the Atlantic and in southwestern Europe (Fig. 2d) , while the high-resolution model produces too much precipitation over the northern part of the Atlantic and on the entire European continent except southwestern Europe. These deviations are associated with a systematic difference in the stormtrack activity, with too many cyclones reaching northern and eastern Europe during winter (see Section 3.3). Another marked difference compared to ERA is the excessive precipitation in the area south of Greenland, reflecting the very broad band of precipitation in the centre of the Atlantic stormtrack in TSL 1 (Fig. 2b) . In contrast, ERA reveals a narrow band of precipitation between 35°and 50°N and between 35°a nd 50°W, respectively (Fig. 2a) . As for GHG 1 (Fig. 2e) , the structure of the difference field is similar to TSL 1 on most of the European continent and in the area south of Greenland but different over the rest of the Atlantic, with an overestimation of precipitation over the southern part of the ocean basin and an underestimation over the northern part. As in the high-resolution model, these deviations are related to a systematic difference in the simulation of the stormtrack in the low-resolution model, with too few cyclones over the northern part of the Atlantic and too many over the southern part (see Section 3.3). Further, 209 Table 2 . Differences between the simulations of the presentday climate in the time-slice (TSL) and the greenhouse gas experiments (GHG) and ECMWF re-analyses (ERA) for different seasons (see Table 1 . The contour interval is 2.5 mm d -1 (a-c) and 1.0 mm d -1 (d, e) . Also the significance of the differences according to a 2-sided t-test is indicated (d, e). Positive (negative) differences exceeding a significance level of 97.5% are marked by the dark (light) shading the amount of precipitation originating from individual cyclones is too small due to the coarse resolution, which does not allow for a realistic representation of frontal structures in the model. As a consequence, the main differences between TSL 1 and GHG 1 are more precipitation simulated at the high horizontal resolution over the northern part of the Atlantic and northern Europe and less precipitation over the southern part of the ocean basin and southern Europe (see Fig. 6d ).
While the 2 simulations are characterized by too much precipitation in the area of analysis during winter and autumn, ECHAM4 underestimates the amount of precipitation during spring and summer (see Table 2 ). Hence the annual cycle of precipitation is too strong in the simulations. In addition to an underestimation of precipitation over most of the Atlantic, the simulations reveal a negative precipitation bias in all of western and southern Europe during spring and on the entire European continent during summer. It is also on the European continent where the underestimation of precipitation during summer is considerably stronger in TSL 1 than in GHG 1 , accounting for a large part of the much larger bias (-0.41 vs -0.21 mm d ) in TSL 1 . During the warm seasons, i.e., spring and summer, the distributions of the differences between the 2 simulations and ERA are rather similar (the pattern correlations are 0.74 and 0.77, respectively), while during the cold seasons, with correlations of 0.57 in winter and 0.50 in autumn, respectively, the 2 simulations reveal rather different difference pattern structures. This indicates that during these seasons, when precipitation primarily occurs in connection with synoptic disturbances and, hence, depends on the dynamical aspects of the model, the differences in the simulations of the large-scale flow patterns at the different horizontal resolutions cause marked differences in the simulation of precipitation. During the warm seasons, on the other hand, when the formation of precipitation is primarily governed by convective activity, the simulation of precipitation crucially depends on the model's physical parameterizations. Apparently the mechanism responsible for the model's dry bias works in the same way in the high-and low-resolution models. This mechanism is an unrealistic drying of the ground on the entire European continent at the beginning of the warm seasons leading to a reduction of evaporation and, hence, of the local formation of precipitation later on. The physical parameterizations involved are the parameterization of soil processes and the parameterization of the vertical fluxes in the planetary boundary layer. Since the ground's capacity for storing water is rather limited (Dümenil & Todini 1992) , ECHAM4 not only stores too little water during the cold seasons but also evaporates too much water at the beginning of the warm seasons. This problem is actually amplified by the model's deficiency in realistically simulating the snow cover in winter. Moreover, vertical moisture fluxes in the planetary boundary layer that are too strong may further accelerate the drying. Due to the finer horizontal resolution, these fluxes are considerably stronger in TSL than in GHG, leading to the relatively large dry bias during the warm seasons in the high resolution model.
The values of precipitation in the re-analyses represent in various regions model results rather than direct observations. That is, firstly, because of the difficulties in obtaining high-quality direct measurements of precipitation and, secondly, because of the lack of direct observations of precipitation in large areas, in particular over most of the North Atlantic. We therefore want to compare ERA directly with in-situ observations of precipitation on the European continent and various islands. Fig. 3 shows the seasonal mean values of daily precipitation as obtained from ERA and CRU for the different seasons. The 2 data sets reveal very similar distributions of the precipitation, indicating the good quality of the estimates of precipitation over the land areas in ERA. However, presumably due to the even finer resolution, CRU shows more precipitation than ERA in the vicinity of the major mountain ranges, such as in western Norway, western Scotland or northwestern Spain. During autumn and winter, we find, for instance, differences of about 2 mm d -1 in southwestern Norway, corresponding to 20-30% of the respective seasonal mean values. In contrast, in the other parts of Scandinavia, i.e., Sweden and Finland and also in some parts of central Europe, ERA shows more precipitation than CRU. The aforementioned differences between the 2 data sets occur generally in all seasons, indicating that the systematic error in ERA in the simulation of precipitation does not vary according to season. Over the middle of the North Atlantic, ERA generally underestimates the amount of precipitation (Stendel & Arpe 1997) . In particular, in the stormtrack region, the GPCP (Global Precipitation Climatology Project) data set (Huffman et al. 1995 ) and the Legates data set (Legates & Willmot 1990) give more precipitation during both winter and summer. As for the high latitudes, the Legates data set shows about the same amount of precipitation as ERA during winter but somewhat more precipitation during summer. Hence, the differences between the model simulations and ERA over the European continent are quite robust, and when considering CRU as a reference, the model's bias is slightly larger for all seasons except for summer, when the dry bias is slightly smaller than in ERA. Over the middle part of the North Atlantic, the underestima- 
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tion of precipitation in GHG (see Fig. 2e ) is even more severe, when the GPCP data are considered as a reference, while for TSL the overestimation over the northern part of this region (see Fig. 2d ) is less pronounced compared to ERA.
Sea-level pressure
In order to describe the dynamical state of the atmosphere we take a look at the seasonal mean values of the sea-level pressure in winter (Fig. 4) . Though the 2 simulations reveal the characteristic pressure pattern with low pressure centred to the west of Iceland and high pressure centred to the west of the Iberian peninsula (Fig. 4b,c) , the distributions differ from ERA in several respects.
For TSL 1 , the pressure is too high over the western part of the Atlantic and in western and southern Europe, but too low over the northeastern Atlantic and in northern and eastern Europe (Fig. 4d) . As a consequence, the high-pressure area over the southern part of the Atlantic is far too strong and centred too far downstream over Spain (Fig. 4b) . At the same time, the Icelandic low is slightly too weak, and another area with relatively low pressure is located over the Norwegian Sea. This pressure pattern indicates that in the high-resolution model the transient disturbances are displaced to the east. Moreover, they have a strong tendency to move eastward along a parallel of latitude rather than to occasionally take a southeastern route into the Mediterranean area when reaching the European continent. This can directly be seen from the distributions of the stormtrack activity expressed by the high-frequency RMS deviations of the geopotential height field at 500 hPa. Compared to ERA, TSL 1 is characterized by an underestimation of the stormtrack activity over the western part of the North Atlantic and an overestimation over the eastern part as well as over northern and western Europe (Andersen et al. unpubl.) . Apparently the individual cyclones as simulated by the high-resolution model are too intense in these regions and, hence, lead to an overestimation of precipitation (see Fig. 2d ). The low-resolution ECHAM4 simulates, on the other hand, pressure to be too high not only over western and southern Europe, but also over the northern part of the Atlantic and Scandinavia (Fig. 4e) . This illustrates an underestimation of the intensity of the cyclones in the low-resolution model, while at the same time the transient disturbances have too strong a tendency to move eastward along a parallel of latitude in the exit region of the Atlantic stormtrack (Fig. 4c) . In this case the distribution of the stormtrack activity indicates a general underestimation of the stormtrack activity relative to ERA of up to 20% in the core of the Atlantic stormtrack (Andersen et al. unpubl.) . Only over central and eastern Europe is the stormtrack activity as simulated by the low-resolution model larger than in ERA, leading to an overestimation of precipitation over these parts of the European continent (see Fig. 2e ). As in other AGCMs (e.g. DoblasReyes et al. 1998 , Stratton 1999 , the importance of the aforementioned 'zonalisation' effect depends on the model's horizontal resolution, since it is enhanced for the high resolution (see Fig. 7d ).
Also during the other seasons the high-pressure system over the southern part of the Atlantic is too strong in TSL 1 , while on the European continent the deviations from ERA vary considerably by season. In summer TSL 1 shows, for instance, a negative pressure bias everywhere, while in autumn the pressure is too high over the northern part of the Atlantic and Scandinavia, indicating an underestimation of the intensity of the Atlantic stormtrack in TSL 1 . As for GHG 1 , the deviations from ERA have a very similar structure for all seasons but summer, when GHG 1 is characterized by an additional negative pressure bias over the western Atlantic centred at the British Isles. The deviations of the 2 simulations from ERA and, hence, the systematic errors of the large-scale circulation in the Atlantic/European region have quite different structures in summer (the pattern correlation is close to 0), while for autumn and winter the pattern correlations are about 0.55 (Table 2) .
FUTURE CLIMATE
Now we want to investigate the impact of horizontal resolution on the simulation of the anthropogenic climate change in the Atlantic/European region. For that purpose we compare the climate change signals defined as the differences between the second (2060-2089) (referred to as TSL 2 and GHG 2 , see Table 1 ) and the first period Therefore, we also compare the deviations between the 2 experiments for the simulations of the presentday and the future climate with each other.
Near-surface temperature
The two experiments predict a warming in the entire Atlantic/European region during winter (Fig. 5a,b) . The warming is relatively strong on the European continent and relatively weak over most of the Atlantic and over the Mediterranean Sea. But we find also a rather strong warming in the high latitudes due to a shrinking of the sea-ice extent in the Arctic and along the east coast of Greenland in the future climate (M99). The very modest warming near the southern tip of Greenland on the other hand could be related to the efficient vertical mixing and hence the large effective heat capacity of the ocean in this area (e.g. Manabe et al. 1991) .
The warming predicted on the European continent is considerably stronger in GHG than in TSL, with maximum differences between 2 and 3°C in eastern Europe (Fig. 5c) . As a consequence, the change of the mean temperature in the area of analysis is somewhat stronger in GHG than in TSL (3.4 vs 3.2°C, see Table 3 ). The differences on the European continent are related to the fact that the differences between the temperatures simulated by the high-and low-resolution models are substantially smaller for the simulations of the future (Fig. 5e) than for the present-day climate (Fig. 5d ). This can also be seen from the values of the RMS deviations of the differences between the simulations for different horizontal resolutions, with 1.4 and 1.0°C for the first and the second period, respectively (see Table 4 ). For the future climate characterized by a strengthening of the zonal component of the largescale flow over the northern Atlantic (M99), the simulation of the Atlantic stormtrack activity apparently does not depend as much on the horizontal resolution as for the present-day climate (see Section 4.3).
During the other seasons the horizontal resolution is less important for the warming predicted in the Atlantic/European region (see Table 3 ). The 2 experiments give essentially the same values for the area mean differences as well as for the RMS deviations. In accordance with this, the RMS deviations between the 2 experiments for the simulations of the present-day and the future climate are closer to each other in spring, summer and autumn than during winter (see Table 4 ).
Precipitation
Both experiments predict an increase in precipitation during winter over the northern part of the Atlantic and in northern Europe and a reduction further south (Fig. 6a,b) . This pattern is the result of 2 215 Table 3 . Differences between the simulations of the future and the present-day climate obtained from TSL and GHG for different seasons (see Table 1 for acronyms). In addition to the differences of the area mean values, we present the RMS values of the spatial variance of the difference fields and values of the pattern correlation between these difference fields. Only those grid points where the elevation does not exceed 1500 m are considered Table 4 . Differences between TSL and GHG for the simulations of the present-day and of the future climate as well as for the patterns of climate change obtained from TSL and GHG ('∆TSL -∆GHG') for different seasons. We present both the RMS values of the spatial variance of the difference fields and values of the pattern correlation between the difference fields for the simulations of the present-day and the future climate in the 2 experiments, respectively. Only those grid points where the elevation does not exceed 1500 m are considered . The contour interval is 0.5 mm d -1 (a-c) and 1.0 mm d -1 (d,e). The significance of the differences between the patterns of climate change at the 99.0% level is indicated by the shading: dark, positive; light, negative types of changes. Firstly, due to the general warming and due to the general increase in evaporation over the oceans (MR01), the amount of precipitable water in the atmosphere is considerably enhanced. Secondly, the meridional pressure gradient over the North Atlantic is increased (see Section 4.3). As a consequence, individual cyclones are predicted to be more intense (Andersen et al. unpubl.) , at the very least due to a positive feedback of the water vapour, giving more precipitation. The increase in the mean precipitation in northern and central Europe as obtained from TSL goes along with an increase in the frequency of heavy precipitation events, while the number of days with light precipitation is reduced (Voss et al. unpubl.) . This tendency has, however, also been found in southern Europe, though the mean amount of precipitation in this area is reduced. Both experiments predict an increase in the area mean precipitation in all seasons but summer (Table 3) , when the amount of rainfall is reduced in all of Europe except for northern Norway and Sweden.
Despite a general agreement, the 2 experiments reveal a number of differences in several regions. TSL predicts, for instance, a very strong increase in precipitation in the vicinity of the steep mountain range on the Norwegian west coast (Fig. 6a) , which cannot be found in GHG (Fig. 6b) , and TSL shows a reduction of precipitation near the southeastern tip of Greenland in contrast to GHG. Another obvious difference between the 2 experiments is the relatively strong increase in precipitation in GHG over the northern Atlantic and the rather strong decrease over the southern part (Fig. 6b) . As a consequence, the changes in precipitation over the Atlantic to the west of Greenwich are considerably stronger in GHG than in TSL (Fig. 6c) . This deviation between the 2 models is related to the relatively strong change in the stormtrack activity predicted by ECHAM4/OPYC due to a rather strong increase in the meridional pressure gradient (see Section 4.3). In Scandinavia, on the other hand, the increase in precipitation is stronger in TSL, but in eastern Europe it is stronger in GHG. Considering the entire Atlantic/European region, the local change in precipitation is stronger in GHG than in TSL during winter, with RMS deviations of 0.55 and 0.46 mm d -1 , respectively (see Table 3 ).
The differences between the changes in precipitation predicted in the 2 experiments over the Atlantic west of Greenwich are by and large due to the relatively strong differences in the simulations of the present-day climate in this area (Fig. 6d) . During the first period both the overestimation of precipitation in TSL over the northern part of the Atlantic and the underestimation over the southern part are more pronounced than for the simulations of the future climate (Fig. 6e) . This is related to the stronger dependency of the stormtrack activity on the model's resolution in the simulations of the present-day than in those of the future climate (see Section 4.3). For the entire Atlantic/ European region, the local differences between the 2 experiments are stronger for the simulations of the present-day climate than in those of the future climate during winter, with RMS deviations of 0.65 and 0.59 mm d -1 , respectively (see Table 4 ). During the other seasons, when the large-scale flow pattern is less important for the simulation of precipitation, the deviations between the 2 experiments are relatively strong for the simulations of the future climate (see Table 4 ). During summer precipitation is, for instance, the main difference between the simulations at different resolution, that is rainfall in the lowresolution model over the entire European continent except for northern Europe is considerably larger for the simulations of the future climate. This is also the season for which the difference patterns between the 2 models for the 2 periods are most similar, with a pattern correlation of 0.94. Since the predicted increase in the area mean precipitation is relatively strong in TSL in winter and spring but the same as in GHG in summer and autumn (see Table 3 ), the difference between the 2 experiments with regard to the amplitude of the annual cycle (see Section 3.3) is further enhanced in the simulations of the future climate. The local change in precipitation is, however, stronger in GHG in all seasons but autumn.
Sea-level pressure
Both the high- (Fig. 7a ) and low-resolution models (Fig. 7b ) predict a decrease in the atmospheric pressure over the northern part of the Atlantic and northern Europe and an increase over the southern part of the Atlantic and central and southern Europe during winter, leading to a strengthening of the meridional pressure gradient in the future climate. For the local change in pressure, we find an intensification of the Icelandic Low, which together with the increase in pressure further south leads to an intensification of the North Atlantic Oscillation (NAO) (e.g. Hurrell 1995) . The change of the atmospheric pressure is, however, considerably stronger in GHG than in TSL. The change in the magnitude of the NAO is, for instance, about 6 hPa in GHG compared to 3 hPa in TSL, and for the RMS deviations we find values of 2.3 and 1.5 hPa for the low-and high-resolution models, respectively (see Table 3 ). Further, the change in the atmospheric pressure field as predicted in GHG is closer to the NAO pattern, since in GHG we can identify significant changes in both centres of action, while in TSL there is only an insignificant change in the northern centre. Hence, the geographical distribution of the deviations between the changes in climate predicted in the 2 experiments (Fig. 7c) shows a pronounced negative maximum over the southern part of the Atlantic, indicating the relatively strong pressure increase in GHG, while there are large positive differences to the southeast of Greenland and over northeastern Europe due to a rather strong pressure decrease in GHG in these areas. The strengthening of the meridional pressure gradient over the North Atlantic leads to an increase in the Atlantic stormtrack activity together with a downstream extension of the stormtrack (Andersen et al. unpubl.) . In correspondence with the stronger increase in the meridional pressure gradient in GHG relative to TSL, the increase in the stormtrack activity is also larger in the low-resolution model. The intensification and shift of the Atlantic stormtrack is, in turn, accompanied by a strengthening of the extreme near-surface winds in the future climate over the northeastern Atlantic and northwestern Europe (Andersen et al. unpubl.) . A comparison of the deviations between the 2 experiments for the 2 periods (Fig. 7d,e) reveals that the differences between the climate change patterns are mainly due to differences in the simulations of the present-day climate at the different horizontal resolutions. This is the case over the southern part of the Atlantic and in the eastern part of the Mediterranean region, where the positive pressure differences between TSL and GHG are larger for the first period, as well as over the northern part of the Atlantic and in particular near southeast Greenland and over northeastern Europe, where the negative pressure differences are stronger for this period. Apparently the simulation of the largescale circulation, including the stormtrack activity in the Atlantic/European region, is not as dependent on the model's horizontal resolution for the predicted future climate as for the present-day climate. Or, in other words, the impact of the model's horizontal resolution on the simulation of climate clearly depends on the climate state itself. The 2 experiments actually predict a strengthening of the zonal relative to the meridional component of the large-scale flow over the northern Atlantic in the future climate (M99), so that the zonalisation error of the model, which is enhanced for the high resolution, is less important. Consequently the spatial variance is considerably larger (2.8 vs 2.0 hPa) for the simulations of the present-day climate (see Table 4 ). In contrast to precipitation, for the sea-level pressure the deviations between the patterns of climate change arise from deviations in the simulations of the future climate. Only during winter, when the simulation of precipitation strongly depends on the largescale flow, are the deviations between the models at different horizontal resolutions larger for the simulations of the present-day climate.
SUMMARY AND CONCLUSIONS
In this paper we have investigated to what extent the simulation of the seasonal climate in the Atlantic/ European region for the present and future times depends on the horizontal resolution of the AGCM employed. We have done that by comparing the simulations of the present-day climate from a highresolution time-slice experiment (TSL) and a lowresolution transient greenhouse gas experiment (GHG) with observational data and by comparing the changes in climate inferred from these experiments with each other. TSL was performed with the ECHAM4 AGCM with a horizontal resolution of T106, and GHG with the ECHAM4/OPYC coupled model with a horizontal resolution of T42 for the atmospheric component. The lower boundary forcing for TSL, i.e., SSTs and sea-ice, was obtained from GHG.
The evaluation of the simulations of the present-day climate reveals that the finer horizontal resolution both improves and impairs ECHAM4's ability to reproduce certain aspects of the observed climate in the Atlantic/ European area realistically. The local maxima of precipitation in the vicinity of the major mountain ranges are, for instance, simulated reasonably well in TSL. Further, the activity of synoptic disturbances is enhanced so that the bias of the atmospheric pressure over the northern part of the North Atlantic and northern Europe is reduced. As a consequence, the amount of precipitation originating from individual cyclones is much more realistic in TSL. The zonalisation error of ECHAM4 is, however, more severe for the high horizontal resolution. Another drawback of TSL is the relatively strong underestimation of precipitation over the European continent during summer. But in general, that is for most of the meteorological variables and most of the seasons considered, the deviations between the model biases in TSL and in GHG are within the range of the internal variability of coupled climate models (Giorgi & Francisco 2000a) . The only exception is the considerable enlargement of the dry bias of precipitation during summer, i.e., 30.6% in TSL and 15.6% for GHG.
The 2 experiments reveal a number of the features of future climate change indicated in previous greenhouse warming experiments (e.g. Houghton et al. 1996) . These are the larger warming on the European continent than over the Atlantic, the strengthening of the meridional pressure gradient due to a decrease in atmospheric pressure in the northern part of the Atlantic/European region and an increase in the south-ern part as well as an increase (decrease) in precipitation in the northern (southern) part of this area. Although there is a high degree of similarity between the 2 experiments, there are notable deviations between the climate change patterns obtained from the 2 experiments, leading to a somewhat weaker response (assessed using the spatial variance) in TSL than in GHG, in particular in winter. Further, the areas where the changes in climate are locally significant are in some cases, i.e., for some of the meteorological variables and for some seasons, smaller in TSL than in GHG (see Table 5 ). As for the sea-level pressure, we find smaller areas with significant changes in TSL in autumn and winter and for precipitation in all seasons except spring. This behaviour is, however, to some extent related to the higher internal variability in TSL, which is related to the finer horizontal resolution, as a wider spectrum of spatial scales can be resolved. The aforementioned relationships between TSL and GHG differ, however, to some extent from the aforementioned estimates of the relative strength based on the values of the spatial variance. Therefore, one has to consider both the magnitude of the local changes and the size of the area with significant local changes when comparing the strength of the responses to the greenhouse gas forcing in the 2 experiments.
The relative differences of the response patterns, defined as the spatial variance of the differences between the climate change patterns obtained from TSL and GHG normalized by the mean spatial variances from TSL and GHG themselves, range from 17-40% for the sea-level pressure to 52-85% for precipitation (see Table 6 ). Hence, the uncertainties are rather large for the prediction of the local change in precipitation and reduced for the sea-level pressure, while for the near-surface temperature the uncertainties are very small. This has to be expected, since the simulation of precipitation in AGCMs depends both on the simulation of the large-scale circulation and on the physical parameterizations of the respective models, while the simulation of the sea-level pressure fields is mainly a manifestation of the large-scale flow. For the nearsurface temperature, the uncertainty is so small due to the experimental design deviations between the climate change patterns only occurring on the European continent or in the areas covered with sea-ice. The level of uncertainty varies by season. For the sea-level pressure the uncertainties are, for instance, rather large in autumn and winter, due to the marked impact of the horizontal resolution on the dynamical aspects of the model and, hence, the simulation of the large-scale flow during the cold seasons. For precipitation, on the other hand, the high level of uncertainty in summer is related to the pronounced effect of the horizontal resolution on the model's physical parameterizations.
For the sea-level pressure, the deviations between the climate change patterns are generally, i.e., in all seasons, related to relatively strong differences between TSL and GHG in the simulations of the presentday climate in the Atlantic/European region. For precipitation, on the other hand, the effect of the horizontal resolution is stronger in the simulations of the future climate in all seasons but winter. During winter the deviations between TSL and GHG are mainly related to the different characteristics of the Atlantic stormtrack embedded in the large-scale circulation in the highand low-resolution models, leading to a stronger zonal orientation of the flow over the European continent in TSL. This discrepancy between the high-and lowresolution versions of ECHAM4 is, however, considerably smaller in the simulations of the future climate, which is characterized by a strengthening of the zonal flow component over the Atlantic and Europe. Since during winter the simulation of precipitation is mainly controlled by the large-scale circulation, also for precipitation, the effect of the horizontal resolution is relatively strong in the simulations of the present-day climate, whereas for the other seasons, for which the physical parameterizations are more important for the simulation of precipitation, the differences are larger for the simulations of the future climate. The model's horizontal resolution apparently has an impact on the assessment of anthropogenic climate change at a local level, while at a regional level, that is considering the entire Atlantic/European area or subregions such as northern and southern Europe, for instance, the effect of the horizontal resolution is considerably reduced. The level of uncertainty related to the horizontal resolution actually falls with the range of uncertainty caused by the internal model variability obtained from ensembles of climate predictions (Giorgi & Francisco 2000b) . Given this, the impact of the horizontal resolution on regional climate change is much smaller than the uncertainties arising from different climate models, illustrating the crucial role of the models' physical parameterizations for the prediction of the future climate. According to Giorgi & Francisco (2000b) , these uncertainties in regional changes are 3 K or more for temperature and 25% of the presentday values or greater for precipitation. Hence, we can, for our experiment and for the Atlantic/European area, confirm the validity of the basic assumption of the time-slice approach: the overall similarity of the large-scale circulation patterns in the low-and highresolution GCMs.
In light of the aforementioned differences between TSL and GHG the important question remains: whether the response obtained in TSL is more reliable than the response in GHG, assuming that the boundary forcing provided by GHG is 'perfect'. For the largescale circulation in the Atlantic/European area, this question is hard to answer, since TSL reveals a rather strong model error in the atmospheric pressure field over the southern part of the Atlantic, while GHG is characterized by a considerable bias over the northern part of the Atlantic and in northern Europe. For precipitation, on the other hand, TSL may give the more realistic response, since due to the better presentation of the mountain ranges in the high-resolution model, the local maxima of precipitation are much more realistically simulated in TSL. A drawback of TSL in this respect may, however, be that in the highresolution model the overestimation of the amplitude of the annual cycle of precipitation is more severe than for the coarser resolution. But there are a variety of aspects and regions, respectively, that gain from the enhanced horizontal resolution of ECHAM4. The amount and spatial distribution of precipitation in the tropics is, for instance, more realistically simulated in TSL (MR01), and in particular the simulation of the Indian summer monsoon is much more realistic with the high resolution (M99). Hence, the high-resolution model may give a more reliable prediction of the future climate in many respects. However, in order to get the maximum benefit from a relatively costly time-slice experiment, it appears to be necessary to improve those aspects of the high-resolution model that are impaired as compared to the (standard) low-resolution model. One way to do this would be to further optimize, that is to empirically adjust the physical parameterizations of the high-resolution model. This has been hampered by the prohibitively high computational costs in the past. Another possibility would be to develop and/or use physical parameterizations that can be applied for various horizontal resolutions without any empirical adjustments but taking the different spectra of spatial scales into account.
